This paper proposes an approach to calculate the crossover frequency of each layer in the multilayered shield and subsequently that of structure constructed by n layers. This important frequency provides a useful approximation for field penetration in a conductor. It is used in a wide variety of calculations. It is in this context that a simplification of the transmission-line matrix formalism for laminated conductive sheets is done using this frequency. Two ranges of frequency are considered: lower and higher than the crossover frequency. Simples formulas and easy to use of the reflection loss, the internal reflection, the absorption loss and the electromagnetic shielding effectiveness of laminated shield are obtained. Analysis is carried out for the study of two shields: i) single shield of carbon nanotube polymer composites (CNTs), ii) multilayered shield constructed with Nickel-carbon nanotube polymer composites-Aluminum (Ni-CNTs-Al).
Introduction
Multiple or laminated shields are obtained by a stratification of two or more sheets of different materials. They are used because of the advantages of shielding performance or for other technical reasons occurring. The transmission-line matrix formalism is used for determination of electromagnetic shielding properties of multilayered mediums. We consider a structure of n layers, with constitutive parameters: the impedance and the thickness , as showed in figure 1.
For each layer, we associate a transfer matrix defined as [1] :
where is a skin depth of layer j, the value for which the fields reduce its value to 36.8% of the maximum. The intrinsic impedance of the j th layer for a good conductor is given by [2] :
where is the electrical conductivity. The characteristic matrix of the whole structure is given by the product of the different characteristic matrix of each layer [3] :
According to Naishadham [4] , we are in the position to state the coefficient of transmission for the layer as:
The electromagnetic shielding effectiveness of a material is defined by:
The shielding effectiveness given in (5) can be broken into the sum of three terms each representing one of the phenomena of reflection loss, absorption loss, and multiple reflections. These factors add to give [5] :
where represents the reflection loss caused by reflection at the left and right interfaces, it increases with increasing permittivity and conductivity of shield, represents the absorption loss of the wave as it proceeds through the barrier, it necessitates electric and/or magnetic dipoles in the shield [6] and represents the additional effects of multiple re-reflections and transmissions inside the materials [7] . The calculation of the EMI shielding of plane electromagnetic radiation by a multilayered shield using the matrix formalism is tedious; in addition, the expressions resulting from this approach are cumbersome. This formalism can be used for all samples that fulfill the classical good conductor approximation for both electrically thin (thickness < skin depth) as well as electrically thick (thickness > skin depth) over the frequency range of interest. This approximation has been used by Colaneri and Shaklette for composite material effectiveness shielding [8] . That is how is we require to calculate the skin depth and therefore the crossover frequency, at which , of each layer in the multilayered shield and subsequently that of structure constructed by n layers.
In this paper, after introduced the reasoning leading to the crossover frequency expression of any layer in a multilayer structure and that of the whole layers, we propose simplified formulas of reflection loss, multiple re-reflections, absorption loss, and shielding effectiveness of multilayered electromagnetic shielding. The simplification is carried out in two steps: the first is the classical good conductor approximation, by assuming that ( and are, respectively, the pulsation and the permeability). The second step is based on considering the two frequency ranges: first, when the frequency is much lower than the crossover frequency, the second, in the higher frequency range than the crossover frequency. Analysis is carried out for the study of these phenomena for single (CNTs) and laminated shields (Nickel -(CNTs) -Aluminum) as a function of frequency.
Crossover Frequency of Multilayered Shield
The simplification procedure of the matrix formalism is based on knowing the crossover frequency of laminated structure. For this purpose we will first of all address the reasoning that has led us to calculate this frequency and its properties.
In order to make a correct calculation of the skin depth and therefore the crossover frequency of each layer in the laminated sheet, the multilayer shield of figure 1 has been disjoined. This can easily be shown graphically, as illustrated in figure 2 . Just at or below the surface of the first sheet, the amplitude of the electric field incident is given as . We assume an air interface with the multilayered structure. Notice that a temporary z' coordinate system is used to simplify the derivation. Referring to figure 2, at any point on the line, the field is given by:
where is the amplitude of the incident wave and is the attenuation constant determines the penetration of the wave into a medium, given by:
where is the frequency of electromagnetic wave.
For the first layer, the relation (7) is written as;
Using (9) at , we can have in the terms of the field at the surface , and therefore;
Shifting the coordinate system as indicated in the figure 2 give us:
The skin depth is a measure of the depth to which the radiation will penetrate within the material with a decrease in intensity to of its original strength [8] . This intensity decrease is shown in figure 3. The field at any point of the second layer is given similarly by:
For the tangential field is equal at the surface ( ), is expressed by: Therefore, the equation (14) is written as:
16)
As the skin depth corresponds to decrease in intensity to , we can write:
Thus is given by: Similar to treatment in the second layer, the third skin depth layer is expressed by:
The general formula of skin depth of each conductor is summarized as:
So the skin depth of n layers can be calculated by:
The crossover frequency is the frequency which ensures equality between the skin depth and the layer thickness [8] . Hence, when doing this, we can establish the crossover frequency expression of each layer as follows: Lastly, the crossover frequency of the whole structure, where we have equality between the skin depth and the thickness of laminated shield, can be calculated by;
Transmission-line Matrix formalism for conductive sheets
We first consider a single layer then proceed to multilayered shield.
Single shield
The characteristic matrix of conductive sheet, , in contact with two semi-infinite air media, so that reduces from (1) to:
Expression of has two limits of interest which can be taken as acceptable approximations, depending on whether the frequency is higher or lower than that at which the thickness equals the skin depth .
 If the frequency is much lower than , reduces to:
The coefficient of transmission can therefore be written as:
Using (5), the relation of SE becomes:
As the absorption loss is proportional to shield thickness and is a function of and [9] and by identification with (6), we can say that the first term of (30) represents the absorption loss and the second is the sum of reflection loss and internal multiple reflections .
 If the frequency is much higher than , reduces to:
In this frequency range, the contribution of the multiple reflection-loss can usually be neglected with respect to the reflection and the absorption loss because of the high penetration loss inside the shielding material [7] . The effectiveness shielding will be a sum of the reflection and the absorption loss:
A simple comparison between the equations (30) and (32), allows for the relation of internal multiple reflections of j conductive sheet when :
The reflection and the absorption loss expression is the same in the two frequency range ( and ), it's given by:
Multilayered shield
Now, we will generalize the relation of the reflection loss, the internal multiple reflections, the absorption loss and the shielding effectiveness for n conductive sheets for both frequency ranges ( and ) . Here represents the crossover frequency of whole structure. The characteristic matrix of multilayered structure can be expressed as:  In the lower frequency range than , becomes:
The shielding effectiveness of laminated conductive layers reduces to:
 In the higher frequency range than , reduces to:
In this frequency range, the shielding effectiveness, with negligible internal multiple reflections, can be written as:
where The reflection and the absorption loss evolve according to the same expression regardless of the frequency range. A simple comparison between the equations (38) and (40), allows for the internal multiple reflections of n multilayered conductive shield when :
Applications
Compared to metals, carbon nanotube polymer composites (CNTs) possess cost, weight, design flexibility, corrosion resistivity and ease of processing advantages. The high aspect ratio and extraordinary electrical conductivity of CNTs were utilized to formulate nanocomposite materials with low electrical percolation threshold and electrical resistivity [10] . These materials are very promising for applications in electromagnetic interference shielding [11] .
The effect of the frequency of the incidence wave on the reflection loss, the internal multiple reflections, the absorption and the shielding effectiveness are analyzed for multilayer's shields using expressions obtained in this work. The materials selected for shielding in combination with the conductive polymer were aluminum and nickel. The material parameters conductivity, relative permeability and thickness of the considered materials and conducting polymer are listed in the Table 1 . These materials are chosen to be good conductors. The crossover frequency for single shield constructed with
CNTs is calculated by (22) and is worth whereas that of multilayered shield composed of Nickelcarbon nanotube polymer composites-Aluminum is evaluated using (26) and is worth . Figure 4 shows the reflection loss evolution of: (CNTs) and (Nickel-CNTs-Aluminum) with frequency, using, respectively, the equations (34) and (41). It shows that for both shields the reflection loss decreases dramatically as the frequency increases. This could be explained by noting that the magnitude of the intrinsic impedance of material is directly proportional to the frequency; that is, as the frequency increases the impedance of material increases, and hence reflection loss is more important at lower frequency than at higher frequency. . For absorption loss, as shown in figure 5 plotted using (35) for single and (42) for multilayered shield; at lower than crossover frequency, it can be neglected compared with reflection and internal reflection loss. This behavior must be due to shallower skin depth of the composite with higher electrical conductivity. Above this frequency, absorption becomes dominant and increases exponentially with frequency. Figure 6 depicts the variation of the internal reflection loss as a function of frequency, using, (33) for (CNTs) and (43) for (Nickel-CNTs-Aluminum). The internal reflection loss has a negative value and reduces the overall shielding effectiveness, which indicates that less shielding is obtained because of the multiple reflections 0,0 2,0x10 6 4,0x10 6 6,0x10 6 8,0x10 6 1,0x10 7 1,2x10 7 1,4x10 7 Figure 7 is plotted using (30) for single shield constructed with CNTs (when ) and (38) for multilayered shield composed of Nickel, CNTs and Aluminum (when ), whereas, the figure 8 is plotted using (32) for CNTs corresponding to and (40) for (Nickel-CNTsAluminum) corresponding to ; they show that the shielding effectiveness is frequency independent up to some limiting frequency (crossover frequency) after which it increases with increasing frequency. 
Conclusions
In this paper, a reasoning have been proposed to calculate the skin depth and therefore the crossover frequency of laminated structure. A simplification of the reflection loss, multiple rereflections, absorption loss, and shielding effectiveness formulas of multilayered conductive sheets is presented by dividing the area of frequency in two ranges: the lower and the higher frequency range than crossover frequency . With its easiness of using and reduced calculations time, this approximation is more interesting than the exact formulations. The reflection and the absorption loss evolve according to the same expression regardless of the frequency range. The internal reflection first increases rapidly with frequency than show a slower increase. The absorption loss first shows a negligible increase then follows a rapid increase. As summary, 34 the shielding effectiveness is nearly constant at lower frequency then shows a rapid increase.
